We investigated the effects of visceral stimulation by colorectal distension (CRD) on mean arterial blood pressure (MAP) and renal sympathetic nerve activity (RSNA), the latter being an index of vasoconstrictor activity, in anesthetized central nervous system (CNS)-intact and C2 spinalized rats. The CRD stimulation was induced by the distention of a balloon inserted into the colorectum. In CNS-intact rats, there were significant reductions in MAP and RSNA in response to intraballoon pressures of 60 and 80 mmHg, but not to 20 and 40 mmHg. However, spinalized rats demonstrated significant increases in MAP in response to intraballoon pressures of 60 and 80 mmHg and increases in RSNA in response to intraballoon pressures of 40, 60, and 80 mmHg. These results suggest that noxious visceral stimulation at lower spinal levels reduces MAP by inhibiting sympathetic output in CNS-intact anesthetized rats. On the other hand, noxious visceral stimulation results in an increase in sympathetic-induced MAP in spinalized anesthetized rats.
A reflex that plays an important role in maintaining homeostasis is the autonomic viscero-visceral reflex. Blood pressure (BP), an important physiological parameter of homeostasis, was reported to be regulated by visceral afferent inputs via viscero-visceral reflexes [1] [2] [3] . In animals, viscerally induced changes in BP can be elicited by electrically stimulating the vagus or splanchnic afferent nerves [4, 5] or by mechanically stimulating afferents from the mesentery or pelvic organs [6] [7] [8] .
It was reported that BP was also reflexively regulated by somatic afferent inputs [9] [10] [11] [12] . Kimura et al. [13] suggested that somatically induced cardiovascular reflex responses are a consequence of cardiovascular sympathetic responses and that these sympathetic responses have a strong segmental spinal reflex component and a generalized supraspinal reflex component. It would be interesting to determine whether similar systems are involved in the changes in BP that occur as a result of visceral afferent stimulation.
Colorectal distension (CRD) results in the mechanical stimulation of visceral afferents and has been widely studied in attempts to further understand the physiology and pathophysiology of viscerosensory responses [6, 7, 14, 15] . Data suggest that graded CRD stimulation produces strength-dependent responses in behavior, the rectus abdominis electromyogram (EMG), and BP in rats [6, 16] .
Ness and Gebhart [6] reported that opposing BP responses occurred in animals following CRD stimulation depending on whether the animal was conscious (pressor response) or unconscious (depressor response), the latter depending on the depth of anesthesia and/or other factors. In this study, we investigated the relationship between visceral CRD stimulation and its corresponding visceral responses, specifically, mean arterial blood pressure (MAP) and renal sympathetic nerve activity (RSNA), which is an index of vasoconstrictor activity [17] in anesthetized central nervous system (CNS)-intact and spinalized rats.
MATERIALS AND METHODS

Animals.
Adult male Wistar rats weighing 330-370 g (n = 14) were housed in a climate-controlled environment with food and water ad libitum. All animal experiments were carried out in strict accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Surgical preparation. The rats were anesthetized with 50 mg/kg of pentobarbital intraperitoneally for general operations, such as cannulating the trachea, artery, and vein and dissecting the renal sympathetic nerve. Because it has been reported that cardiovascular responses in anesthetized rats vary with fluctuations in the anesthetic level [6] , a microinjection pump was used to maintain stable anesthesia during each experiment by the continuous injection of 1.0% pentobarbital saline solution at a rate of 0.5-0.8 ml/h through a cannula that was inserted into the left femoral vein. The right femoral vein was cannulated for delivery fluids. The animals were also intubated with a tracheal tube through which they were artificially ventilated (SN480-7, Shinano, Japan). End-tidal CO 2 concentrations, examined with a gas monitor (Microcap, Oridion Medical, Israel), were kept at about 3.0% by controlled respiratory rate and volume. Body temperature was kept at 37-38°C with a homeothermic blanket and an infrared lamp (ATB-1100, Nihon Kohden, Japan).
Stimulation of visceral afferents. Visceral afferents were stimulated by inserting a 2 cm air-filled balloon made from a condom into the colorectum through the anus; the tip of the balloon was placed 6 cm beyond the anal verge. The degree of distension was modulated and assessed using a 10 ml volume syringe and sphygmomanometer connected by way of a Y connector to the balloon. Pressures of 20, 40, 60, or 80 mmHg were applied for 20 s. The time interval between distentions was approximately 5 min.
MAP recordings. The right femoral artery was cannulated to measure MAP. The measurements were made with a pressure transducer (P23XL-1, Becton Dickinson and Company, USA) and were converted into digital signals by an analog-to-digital converter for analysis. The animals were kept in the supine position for 20-30 min after their operation in order to obtain a stable baseline recording. The maximum changes in MAP recorded within 30 s after the onset of CRD stimulation were compared to prestimulus control values.
RSNA recordings. With the rats in the prone position, a branch of the left renal sympathetic nerve was dissected retroperitoneally, and its central cut end was attached to bipolar platinum iridium wire electrodes after the nerve had been covered with paraffin oil. Muscle relaxation was induced by gallamine triethiodide (10-20 mg/kg i.v., Sigma, USA). RSNA was amplified, filtered (time constant 0.01 s, S-0476, Nihon Kohden, Tokyo), and displayed on an oscilloscope. Neuronal activity was sampled with an analog-to-digital converter (PowerLab/8, AD Instruments, Australia) at a rate of 2,000 samples/s and was rectified and integrated every 5 s. The signal recorded at the end of the experiment (after the rat died) was set as the background noise. Nerve discharge values were calculated by subtracting the background noise from the recorded RSNA values. The changes in RSNA that occurred in response to 20 s of CRD stimulation were compared with the average value in the 20 s prior to stimulation, and the responses were expressed as a percent of baseline.
Spinal transection. Full spinal cord transections were carried out at the upper C2 level in 8 rats. After surgery, their MAP was maintained around 70 mmHg by an injection of a 4% Ficoll solution (Pharmacia Fine Chemicals AB, Sweden).
Vagotomy. To clarify the influence of vagal nerves on the MAP response to CRD stimulation, the vagus nerves were bilaterally cut at the cervical level in 4 rats.
Statistical analysis. All data are presented as the means ± S.D. A statistical analysis was performed using paired or unpaired t-tests (InStat for Windows, 3.05 version), and the values were considered to be significant if their p value was ≤0.05.
RESULTS
MAP changes in response to visceral stimulation in CNS-intact rats
The changes in MAP in response to graded CRD stimulation are summarized in Fig. 1 . The effects of CRD stimulation strengths of 40, 60, and 80 mmHg in one rat on MAP are shown in panels A-C. The results showed that this animal exhibited a MAP response to pressures at or above 60 mmHg. Specifically, MAP was significantly reduced by 9.5 ± 5.7 and 28.4 ± 11.3 mmHg following CRD stimulations of 60 and 80 mmHg, respectively, but CRD stimulations of 20 and 40 mmHg failed to influence MAP (Fig. 1D) . The magnitude of the depressor response was dependent on the applied strength of CRD; the amplitude of the depressor response to 80 mmHg CRD stimulation was more than double that seen with 60 mmHg of CRD stimulation (Fig. 1D) . These results were indepen- The data are expressed as the means ± SD. For statistical purposes, the maximum changes in MAP within 30 s after the onset of the CRD stimulus were compared to prestimulus values. *p < 0.05 and **p < 0.01, using a paired t-test. dent of vagal nerve activity because in vagotomized rats the change in MAP following 60 mmHg CRD was similar to that in vagal nerve intact rats (-11.2 ± 11.9 mmHg; 8 trials in 4 rats, data not shown in the figure). Figure 2 shows the effects of CRD stimulation on RS-NA. Panels A-C show the original RSNA responses to 40, 60, and 80 mmHg CRD stimulation in one rat. As above, the CRD pressures of 60 and 80 mmHg significantly reduced RSNA to 79 ± 9.7 and 74 ± 12.6%, respectively, of prestimulus control values; no change occurred in RSNA following 20 and 40 mmHg of CRD stimulation (Fig. 2D) . Figure 3 , A-C, shows the original MAP responses to 40, 60, and 80 mmHg CRD stimulation in one rat. MAP increased following 60 and 80 mmHg, but not 40 mmHg, of CRD stimulation. Figure 3D , which summarizes the MAP responses to all four levels of distension, reveals an insignificant increase in MAP in response to 40 mmHg of stimulation, and there were significant increases in MAP in response to 60 and 80 mmHg of CRD stimulation. The amplitude of the MAP response at 80 mmHg was more than double that at 60 mmHg (Fig. 3D) . Although the above mean values of MAP responses were obtained from 8 trials in 4 rats, 1 of these trials showed a decrease in MAP in response to CRD stimulation at strengths of both 60 and 80 mmHg. Figure 4 , A-C, shows the original RSNA responses to 40, 60, and 80 mmHg of CRD stimulation in one rat. Panel D summarizes the RSNA responses to all four levels of distension (n = 8 trials in 4 rats). The data showed that there were significant increases in RSNA to graded CRD stimulations of 40, 60, and 80 mmHg, but not to a stimulation of 20 mmHg. RSNA increased to 110.6 ± 12.4, 119.5 ± 15.5, and 138.8 ± 42.4% following 40, 60, and 80 mmHg of CRD stimulation, respectively. 
RSNA changes in response to visceral stimulation in CNS-intact rats
MAP changes in response to visceral stimulation in spinalized rats
RSNA changes in response to visceral stimulation in spinalized rats
DISCUSSION
The present study demonstrates that in anesthetized CNSintact rats as well as in acutely spinalized rats, MAP is modulated by CRD stimulation. CRD with a 7-8 cm balloon was reported to excite visceral afferents in spinal cord segments T13-L2 and L6-S2 [18] . When such stimulation is applied to rats with a pressure of 40, 60, and 80 mmHg, it is considered noxious [16] . Our results showed that CRD stimulation of 60 and 80 mmHg significantly reduced MAP and RSNA and that these effects could be reversed by spinalization at C2. Thus there appears to be inhibitory reflex modulation of BP at supraspinal levels in CNS-intact rats.
It is well known that the vagus nerve plays an important role in the regulation of cardiovascular function. The stimulation of the vagus efferent nerve produces bradycardia, which results in a reduction in BP. Our results showed no change in MAP in response to CRD stimulation following the bilateral transection of the vagus nerves; this supported the notion that the reflex pathways resulting in the BP reduction in our experiment did not involve these nerves.
It is interesting that not all trials exhibited similar BP findings in spinalized rats. In one case, CRD stimulation resulted in a BP reduction, though the amplitude of this reduction was not as great as that seen in CNS-intact rats. Evidence showed that both sympathetic vasoconstrictor and parasympathetic vasodilator fibers innervate the genital organs [19, 20] . Although our data suggest that an increase in sympathetic vasoconstrictor activity directly contributed to the CRD-induced pressor response in spinalized rats, it is also possible that parasympathetic vasodilator fibers played a role.
In conclusion, our results suggest that the inhibition of visceral sympathetic output occurs in response to noxious visceral afferent activation at lower segmental levels in anesthetized CNS-intact rats. This inhibition was reversed by spinal transection at C2.
